We study the electronic states of core multi-shell semiconductor nanowires, including the effect of strong magnetic fields. We show that the multi-shell overgrowth of a free-standing nanowire, together with the prismatic symmetry of the substrate, may induce quantum confinement of carriers in a set of quasi-1D quantum channels corresponding to the nanowire edges. Localization and inter-channel tunnel coupling are controlled by the curvature at the edges and the diameter of the underlying nanowire. We also show that a magnetic field may induce either Aharonov-Bohm oscillations of the energy levels in the axial configuration, or a dimensional transition of the quantum states from quasi-1D to Landau levels for fields normal to the axis. Explicit predictions are given for nanostructures based on GaAs, InAs, and InGaN with different symmetries.
n tunnel-coupled quantum channels, depending on structural parameters at the nanoscale, such as the NW diameter and symmetry or the curvature at the edges.
In this Letter we investigate the electronic states of core multi-shell NWs. Taking explicitly into account their prismatic symmetry, we show that quantum confinement occurs in a set of quasi-1D channels located at the edges of the NW. An axial magnetic field affects the overall phase of these states and induce Aharonov-Bohm (AB) oscillations of the multiplets arising from the prismatic symmetry. A transverse magnetic field, instead, may deplete these channels and induce Landau level formation along the NW facets. Results are presented for several devices based on different classes of materials and symmetries.
As we mentioned, a bent quantum well behaves as a 1D electron waveguide in the area of the bent, since there is a larger region to accommodate the wave-function. 26, 27, 28 This localization effect does not require, and would add to, any fluctuation in the quantum well width (which is likely to happen in real samples 24 ). Solving the appropriate 3D Schrödinger equation of the nanostructure would be numerically inconvenient in the present large systems, even within the envelope function approximation. In fact, we are focusing on electronic states which are confined in a layer which is much thinner than the overall large diameter of the NW. Under these assumptions, the core of the NW acts as substrate for the epitaxial overgrowth, determining the symmetry of the shells. This allows us to model the bent surface as a strictly 2D curved structure (see Fig. 1 ). The confined carriers move under the action of an effective potential which can be derived by a limiting procedure, starting from the full 3D effective-mass Schrödinger equation 29, 30 and taking the thickness of the bent layer down to zero. Such curvature-induced effective attractive potential is 31,32
where m * is the effective mass of the carriers in the shell. The potential depends on the local radius of curvature r c of the bent. Note that due to the limiting procedure, electrons sit in a δ-like shell; therefore, the only parameters appearing in the above equation and in the system model presented in Fig. 1 are the shell curvature and radius and the effective mass of the carrier corresponding to the shell material.
TEM images 15 show that each edge of the NW actually consists of a region extending over a few nm with a finite curvature. Accordingly, we model the cross-section of a prismatic NW starting from a polygon (see Fig. 1 ) with a circumscribed circle of radius R, and we Since (1) does not contain the wave-vector k y along the axial direction, the energy levels split in a set of parabolic 1D subbands E n + 2 k 2 y /2m * , where the k y = 0 subband edges E n are simply determined by a 1D effective mass equation in the step-like potential V eff (x) = V bent (r c (x)). We assume that the curvature of the shell is different form zero only at the rounded edges. The resulting effective potential has a series of square wells (whose depth is given by Eq. (1)) located at the edges, and separated by regions with V eff = 0 corresponding Confining potential V eff (x) (bottom panel) and charge densities of the five lowest energy levels E n corresponding to l = 2 nm (vertical dashed line of part (a)). Note that the first and second excited levels are doubly degenerate.
to the prism flat sides. In Fig. 2 (a) we show the lowest energy levels E n of an electron confined in a GaAs 33 shell overgrown on the surface of an hexagonal NW with R = 40 nm, as a function of l. The energy levels are easily understood as the result of the sixfold attractive potential felt by the carriers, shown in the bottom panel of Fig. 2(b) for the realistic value 15 l = 2 nm. The potential clearly resembles a multiple quantum well ≈10 meV deep, with periodic boundary conditions. As shown by the charge density, the ground state of the system consists of a set of tunnel-coupled channels located along the edges of the NW, with a confinement energy in the few meV range. The probability densities corresponding to the four lowest energy levels show preferred localization at the edges, where the potential is attractive, but with a substantial probability density along the facets of the NW.
For larger l the curvature diminishes, and the quantum wells become wider and shallower, until, for l = R/2 (for an hexagonal symmetry), a cylindrical system is obtained, where V bent just amounts to an addictive constant. At the opposite limit of small l, the wells become thinner and deeper. The width and depth changes do not compensate, and the confined states depend non trivially on l (or, equivalently, on the curvature). At the envelope function level used here, an hexagonal NW belongs to the D 6h space symmetry group. 34 Accordingly, energy levels group in six-fold bunches, separated by gaps that increase for decreasing l, which controls tunneling between the edges. The ground state is not degenerate, while the first and second excited levels are doubly degenerate. The third excited state is again not degenerate and has six nodes in the zero-potential regions. The topmost graph of Fig. 2(b) shows the lowest state of the second bunch, which has maxima located at the centers of the facets of the NW and has nodes in each well. In a cylindrical system the 3rd and 4th levels would be degenerate 35 but the presence of the wells breaks the rotational invariance around the NW axis and lifts the degeneracy of those levels. Clearly, this behavior is exclusively determined by the periodic boundary conditions and the geometric symmetry of the system. The issues described above for a hexagonal wire can be easily extended to square or triangular NWs.
We now consider the effects of a magnetic field. In this case the eigenvalue problem is more complicated, but a proper choice of the gauge 36 provides an analytical expression of the 2D effective-mass Schrödinger equation, where the dynamics on the surface is still decoupled from the transverse one (i.e. normal to the curved surface). We first consider the magnetic levels of a semiconductor shell wrapped around a prismatic NW in an axial magnetic field of intensity B . As in the zero field case, the longitudinal and azimuthal directions are uncoupled, and the axial energy dispersion is parabolic. The k y = 0 energy levels, E n , are the eigenvalues of the effective 1D Hamiltonian 36 for a charge q
which describes the quantum dynamics in the azimuthal direction. Here, d(x) is the distance of x from the center of the polygon, γ(x) is the angle defined in Fig. 1 . The familiar cylindrical case d(x) cos γ(x) = R is recovered when l spans one half of the polygon side.
35,37,38
From Eq. (2) we have calculated the energy levels E n as a function of the field intensity for a number of materials and geometries taken from the literature. In Fig. 3(a) we show the magnetic levels in the GaAs shell overgrown on the surface of an hexagonal NW with R = 40 nm and l = 2 nm (see Ref. [15] ). Note that with an axial field only discrete rotations around the axis are symmetry operations, 34 and the magnetic symmetry group is lowered to C 6v . Accordingly, all energy levels are non degenerate. Due to the 6-fold symmetry of the system, however, levels form a series of braids containing six levels, each one separated from the higher one by an energy gap that depends on l, as shown in Fig. 2 . In Fig. 3 The energy levels show clear oscillations with a period Φ/Φ 0 , a periodicity that is typical of AB oscillations, as shown in cylindrical systems.
40
In Fig. 3(b) we show the magnetic levels in the InAs shell 33 with hexagonal symmetry 39 with R = 32 nm and l = 5 nm, showing AB oscillations similar to the previous GaAs case.
However, here the separation between the braids is smaller since l/R is larger (see the SEM images in Ref. [39] ), which enhances the tunneling between different edges of the structure.
To highlight the effect of the different symmetry, (Fig. 3(c) ) we calculated the magnetic levels for a hypothetical system, where a low gap layer of InAs is overgrown on the surface of a InP core NW with square symmetry. 21 The parameters are R = 70 nm and l = 5 nm (see SEM images in Ref. [21] ). AB oscillations are still present, but, according to the square symmetry of the system, each braid is formed by four levels.
Finally, in Fig. 3(d) , we show the magnetic levels of an In 0.25 Ga 0.75 N shell 33 with a triangular symmetry, with R = 18.5 nm and l = 4 nm. 14 As expected, AB oscillations appear and each braid contains three levels. We underline the different energy scale and field ranges in the four cases, which depend on the different values of R (influencing the energies E n of the azimuthal modes and the magnetic flux Φ), and the value of m * that rescales the energies.
We next analyze the effect of a homogeneous magnetic field which is perpendicular to the NW axis with intensity B ⊥ . As in the previous case, it is still possible to write an effective 1D Hamiltonian 36 for the azimuthal dynamics, but now it also depends on the wave-vector k y along the axis,
Here, s(x) is the distance defined in Fig. 1 . Given the polygonal cross-section, the results will be also dependent on the orientation θ of the field with respect to the facets.
Since the component of B ⊥ perpendicular to the surface varies from facet to facet (depending on θ), there is no single magnetic length scale characterizing the system, contrary to the usual planar 2D electron gas case. As a consequence, the carrier quantum dynamics exhibits two different regimes, that can be analyzed starting from Eq. (see Fig. 1 ). At each magnetic field, the magnetic energy levels form a set of subbands with a minimum (darker regions in Fig. 4) the area of field-induced localization coincides with one of the NW facets, and all edges are charge depleted. Note the differences between the GaAs and InAs results, which are due to the different tunnel-coupling between the edge wells. At higher energies, peaks labeled as
Landau states shift linearly with B ⊥ . These states are confined by the field on the top and the bottom of the NW with respect to the field direction. Again, if these regions correspond to edges of the NW (that is for θ = π/6), localization is enhanced for these two edges, while the other four edges are charge depleted. On the other hand, if θ = 0 carriers tend to be confined in the center of the two facets where the field is perpendicular, and all edges of the NW are charge depleted. Note the different slopes of the energy levels with field intensity for different orientation θ of the field. In fact, only the orthogonal component cos(θ)B ⊥ is effective, and the Landau-level energy is correspondingly smaller. For higher energies, the succession of peaks is repeated. A discussion of these states in a related cylindrical systems is given in Ref. [35] .
In conclusion, we have shown that in core multi-shell NWs quantum confinement occurs in a set of quasi-1D channels located at the edges of the NW, and we have evaluated such confinement for typical parameters. An axial magnetic field induces AB oscillations of the multiplets arising from the prismatic symmetry. A transverse magnetic field may enhance edge localization or deplete these channels and induce Landau level formation along the facets or edges of the NW, depending on the field direction with respect to the NW facets.
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